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Abstract

Atomistic simulations have advanced to the degree that the material properties of
actual Army gun propellants can be predicted a priori. For example, we have used the
COMPASS force field to predict the density of the gun propellant JA2 and its energetic
ingredients. The predicted density of the propellant is within 1.6% of its measured
value. These results are the first a priori prediction of the density of an Army gun
propellant and clearly suggest that this methodology can be a valuable tool in the
design of new high energy propellant formulations for use in the Future Combat
System.
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1. Introduction

Research in Army gun propulsion is currently being driven by the requirements
of The Army’s Transformation Strategy. This transformation, which is targeted
to be complete in the 2010 timeframe, will result in an Objective Force that is
more deployable, lethal, survivable, and sustainable than the present force. In
terms of gun propulsion, attainment of this vision will require new propellant
formulations that contain more energy and are less sensitive than the propellants
currently fielded. This report presents the first application of atomistic modeling
to compute the macroscopic properties of real, multi-ingredient gun propellants.
This new technology, which represents the fruition of decades of research, may
well prove vital to meeting the ambitious performance and timeline goals set for
the Future Combat System.

In the past, the determination of gun propellant properties has necessitated
direct measurement. This would require the formulation of a large number of
candidate mixes. The property of interest would be measured; those that
exhibited promise would be kept for further testing, and those that were less
than promising were discarded. This process is both inefficient and expensive.
In addition, the formulation process can result in significant hazardous waste
streams that can be costly to remediate. The availability of atomistic and
molecular modeling strategies capable of predicting material properties such as
density, stability, mechanical properties, and ingredient compatibility would
revolutionize the design and formulation of new gun propellants. This report
demonstrates that such a valuable tool is now becoming available for practical
use. Although computer speed has increased dramatically in recent years, the
modeling of large molecular systems and condensed phases has been prohibitive
from a first-principles approach. A more empirical approach based on atomic
force fields, however, has proved most promising. In less complex cases where
both may be employed, the force field method is several orders of magnitude
faster than any ab initio method. In addition, the most important interaction
terms in simulating the condensed phase are the nonbonding forces (in
particular, the dispersion forces), which are extremely difficult to accurately
describe using ab initio methods. Papers have recently appeared in the literature
which document the accurate prediction of a wide variety of properties of both
molecules in the condensed phase and in isolation (gas phase) using the
COMPASS (Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies, Molecular Simulations, Inc.) force field (Sun 1998). The
COMPASS force field has been specifically designed for material science
applications. It is a class II force field in that it employs complex functional
forms and is derived from extensive ab initio data. Consequently, it can be used




to accurately predict several molecular properties, including molecular
structures, conformations, and vibrations. The nonbonded parameters in
COMPASS have been optimized using condensed-phase (liquid and crystal) data
so that several thermophysical properties of molecular liquids and crystals can
be well reproduced. COMPASS has been parameterized to study the most
common organic molecules, organic and inorganic polymers, zeolites, and
metal/ transition-metal oxides. However, some of the functional groups required
to model energetic materials have not (until recently) been parameterized and
included in the COMPASS force field (Bunte and Sun 2000). For instance, the
gun propellant JA2 is composed of three. principal energetic ingredients:
nitrocellulose (NC, CgH7s55N2450990), nitroglycerin (NG, O.NOCH>-CHONO,-
CHONQy), and diethyleneglycol dinitrate (DEGDN, O.NO-(CHz)>-O-(CHoa)z-
ONGQO;). In the propellant blend, the NC is present as an energetic binder, and
~ both NG and DEGDN serve as an energetic plasticizing agent. The common
chemical feature in each of these compounds is the nitrate ester (-ONO,)
functional group. Nitro (-NO;) containing compounds have been parameterized
in the COMPASS force field and contain most, but not all, of the parameters
needed to model the nitrate esters. Using methyl nitrate, ethyl nitrate, propyl
nitrate, isopropyl nitrate, and butyl nitrate as model compounds, we recently
completed the parameterization and validation of the additional atom types
needed to model the nitrate ester functional group (Bunte and Sun 2000). Room
temperature molecular dynamics simulations of the densities of these model
compounds varied from experiment by an average of 0.8%. Having successfully
modeled the densities of these simple nitrates, we had the confidence to attempt
to simulate the densities of NG, DEGDN, NC, and JA2. This report presents the
a priori prediction of the densities of NG, DEGDN, NC, and JA2 using the
COMPASS force field.

2. The Model

2.1 The COMPASS Force Field

The functional forms used in the COMPASS force field are the same as the
CFF-type force field (Sun 1998).




Erat =S ey (5=b,)2 + k5 (b=b,) + Ky (b—b,)* |
b
+3 [k 0-6,)7 +1,0-6,) +k,(0-6,)*]
e
+3 [k, (1 cos ¢) + ke (1 cos 2) + k5 (1= cos 3¢)]
é

+ Z k2 (Z —ZXo )2
x

+ Y k(b-b,)'-b',)
bb'

+ 2 k(b-b, )0-6,)
5,6

+Y (b-b, )[k1 cos¢+k, cos2¢+k, cos 3¢]
b¢

+X(6-6, )[k1 cos @+ k, cos2¢ +k; cos 3¢]
0.4

+ 2 k(@-0',)6-86,)
b6

+ 2 k(0-6,)0-6'; X¢-9,)
0.,0,¢

9:9;
+Z_x_]
Lj Ty

(1)

The potential functions can be divided into two categories—valence terms,
including the diagonal and off-diagonal cross coupling terms, and the
nonbonded interaction terms. The valence terms include Es, Eq, E,, and E, for
bond, angle, torsion, and out-of-plane angle coordinates, respectively, and Ew,
Evo, Eby, Eog, and Egg,, for the cross-coupling terms between internal coordinates.
The cross-coupling terms are important for predicting vibrational frequencies
and structural variations associated with conformational changes. Among the
cross-coupling terms, the bond-bond Ewy, bond-angle Epy, and bond-torsion Eg,
are the most significant.

The nonbonded terms, which include a “soft” Lennard-Jones 9-6 (L-]) potential
for the van der Waals (vdW) interaction and a Coulombic term for the
electrostatic interactions, are used for interactions between pairs of atoms that
are separated by three or more intervening atoms, or those that belong to
different molecules. The L-] parameters (¢ and r9) for like atom pairs are
adjustable parameters. For unlike atom pairs, a sixth order combination law (Sun
1998) is used to calculate the off-diagonal parameters as follows.
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The electrostatic interaction is represented by the partial atomic charge model
using charge bond-increments, &, as a measure of the charge separation between
two valence-bonded atoms. The net partial charge of an atom, g;, is obtained as a
summation of all charge bond-increments related to this atom:

qi=25r_'i . .
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The details on the methodology of parameterization are reported elsewhere
(Sun 1998). Basically, the valence parameters (both diagonal and off-diagonal
cross-coupling terms) and charge bond increments were derived by least-squares
fitting to the HF/6-31g(d) data calculated for the model compounds, methyl and
ethyl nitrate. The ab initio data includes electrostatic potentials, energies, and the
first and second derivatives of the energies. The resulting parameters were
subsequently scaled by a set of generic factors to correct the systematic errors of
the HF/6-31g(d) calculations. The resulting force field (quantum mechanics
force field or QMFF) was then systematically validated and modified to fit
experimental or higher-level ab initio data for molecules in isolation. The vdW
nonbonded parameters (L-J] 9-6 terms) were initially transferred from other
organic systems (Sun 1998). After the valence parameters were derived, they
were then subject to optimization using molecular dynamics (MD) simulations of
liquids. The whole validation and optimization procedure was repeated until a
consistent fit was obtained for both the gaseous and condensed phases.

2.2 Molecular Dynamics Simulations

MD simulations were carried out wusing the software package
InsightIl/Discovery. For liquids and crystals, a periodic cell with explicit
minimum image convention (Frenkel and Smit 1996; Allen and Tildesley 1987)
was built for each of the compounds studied. The cubic cell edges ranged from
20-30 A in length and contained 1000-1500 atoms. A charge group-based cutoff
method with tail correction was used to evaluate the nonbonded interactions in
all of the liquid simulations. It is assumed in the charge group-based cutoff
method that the radial distribution functions converged to unity beyond the
cutoff distance (Frenkel and Smit 1996; Allen and Tildesley 1987), which in our
simulations was 9.5A. For the crystal simulations, the Ewald summation method
(Frenkel and Smit 1996; Allen and Tildesley 1987) was used for both the vdW
and the electrostatic terms. Constant pressure and temperature (NPT)
simulations were carried out using a modified velocity Verlet (Frenkel and Smit




1996; Allen and Tildesley 1987) integrator with the Berendsen (Berendsen et al.
1984) pressure control method for the validation calculations. A time step of 1 fs
was used in all of the MD simulations. The initial configuration of the material
being simulated was constructed using the following procedure. First, molecules
were uniformly placed into a cubic cell that was large enough so that there was
no strong repulsion between any two molecules. The system was then
randomized by running a constant volume and temperature (NVT) simulation
for several hundred steps at a temperature of 2000 K, which is well over the
boiling point of all the liquids studied. Following randomization, the system
was gradually compressed to the target density in a high pressure (5,000-50,000
bar) constant pressure and temperature (NPT) simulation. Finally, a
pre-equilibrium process was performed using a simulated annealing technique,
during which the temperature was gradually reduced from 2000 K to 300 K. The
pre-equilibration took about 50-100 ps, which is usually adequate for liquids of
small molecules (Sun 1998). The average periods were 50 ps for NVT simulations
and 100 ps for NPT simulations. For each simulation run, 10 configurations were
constructed. Each configuration consisted of a random arrangement of the
molecules within the simulation cell. These configurations were then allowed to
relax under the influence of the COMPASS force field, and the density of each
configuration was computed. The simulated densities presented here are an
average of the 10 configuration densities.

3. Results

3.1 Gas Phase Molecular Properties

The validation of molecular properties for molecules in the gas phase was based
on the molecular mechanics calculations. These calculations were performed on
the isolated (i.e., gas phase) molecules of DEGDN and NG. In each case, the
calculations consisted of full energy minimizations followed by calculation of the
Hessian matrix. Because of the lack of experimental data, these results were
compared with the results from high level ab initio calculations.

3.1.1 Structures

The most basic property to predict is the structure of the molecule. For example,
it is well known that a small deviation in the bond length can have a potentially
significant effect on the liquid or crystal density obtained from an MD
simulation. Consequently, it is extremely important to make sure that the
structural properties are accurately modeled using the force field prior to
running the condensed phase simulations. A graph of the force field calculated
bond lengths and bond angles of DEGDN and NG are plotted vs. the
B3LYP/6-311g(d,p) results in Figures 1 and 2, respectively.




Comparison of DEGDN and NG Bond Lengths

1.6
No. Data = 39
Avg=0.8% .
1.5 1 Max = 2.1%
RMS = 0.9%
w
=
2 14- g
[0]
wad
el
s
8 1.3
T
K]
LL.
o 1.2 -
o -
[*]
w
1.1 -
/
1.0 T T T T T
1.0 1.1 1.2 1.3 1.4 1.5 1.6

Reference Bond Lengths [B3LYP/6-311g(d,p)]

Figure 1. Comparison of the bond lengths (A) of NG and DEGDN calculated using the
force field and the B3LYP/6-311g(d,p) reference.
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Figure 2. Comparison of the bond lengths (in degrees) of NG and DEGDN calculated
using the force field and the B3LYP/6-311g(d,p) reference.




There are a total of 39 data points for the bond lengths and 21 for the bond
angles. As indicated in the figures, excellent agreement between the calculated
(force field) and reference (BSLYP) data is obtained. The average percentage
deviation in the bond lengths is 0.8%, and the maximum percentage deviation is
2.1%. The root mean squares (RMS) percentage deviation is 0.9%. For the bond
angles, the average percentage deviation is 1.1%, with a maximum percentage
deviation of 3.0%. The RMS percentage deviation is 1.3%. These results are

consistent with the results obtained on other molecules using the COMPASS
force field (Sun 1998).

3.1.2 Vibrational Frequencies

A molecular mechanics (MM) force field is different from a spectroscopic force
field. Generally speaking, by simultaneously fitting various properties including
structures, conformations, and vibrational frequencies, a MM force field can only
predict the vibrational frequencies with a modest level of accuracy (an RMS
deviation of approximately 20-50 cm?). Frequency predictions obtained by
COMPASS generally fall into this category. Again, as a result of the lack of
experimental data on NG and DEGDN, the comparison was performed between
the force field and B3LYP/6-311g(d,p) results. In Figure 3, the COMPASS
frequencies are plotted against the B3LYP frequencies.

Comparison of DEGDN and NG Vibrational Frequencies

4000

3500 + No. Data = 111

Avg=-12.1 cm™ \
| Max = -180.7 cm™
g 3000 RMS = 65.4 cm'™ -
2
@ 2500
3
o
o
L 2000 -
o
o
(TR
5 1500 -
<
(=]
w1000 - o
.
500 A
O T T T
0 1000 2000 3000 4000

Reference Frequencies [B3LYP/6-311g(d,p)]

Figure 3. Comparison of the vibrational frequencies (in cm?) of NG and DEGDN
calculated using the force field and the B3LYP/6-311g(d,p) reference.




There are 111 data points plotted with an average deviation of -12.1 cm. The
maximum absolute deviation is -190.7 cm?, and the RMS deviation is 65.4 cm.
The largest deviations are found in the high frequency region (>3000 cm), which
correspond to the C-H stretch modes.

3.2 Condensed Phase Molecular Properties

Constant pressure and temperature (NPT) MD simulations, as described
previously, were performed to calculate the densities of NG and DEGDN. Both
of these materials are liquids at room temperature; hence, of the materials
studied, these simulations are the least complicated of the four. The measured
density of NG is 1.5910 g/cm3 (Federoff and Sheffield 1972); the simulation
predicted a value of 1.6232 g/cm?, a difference of 2%. For DEGDN, the
experimental density is 1.3770 g/cm?3 (Dean 1973), and the predicted density is
1.3785 g/cm?, a difference of 0.1%. The agreement obtained for these materials is
consistent with that observed in many other molecules that COMPASS covers.

3.2.1 Nitrocellulose (NC) as an Ingredient

NC represents a considerably more difficult case than NG and DEGDN. Present
in all conventional gun propellants, NC is a long-chain polymer which has three
possible sites of nitration, located at C2, C3, and C6 on each monomer unit as
shown in Figure 4.
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Figure 4. Nitrocellulose monomer unit showing the three possible sites of nitration.

The degree of nitration of a given specimen of NC is characterized by the percent
nitration (%N) or average mass of nitrogen per mass of the specimen. The pure
trinitrate homopolymer has a %N of 14.1, the pure dinitrate homopolymer 11.1%,




and the pure mononitrate homopolymer 6.8%. Military grades of NC typically
have an average %N in the range of 12-13%, and Leider and Seaton (1979) found

that they are a mixture of all three nitrate states.

We chose to treat NC as a homogeneous mixture of the three nitration states with
their distribution computed from a Monte-Carlo code we developed based on
the findings of Leider and Seaton (1979). They found that the C6 site is always
nitrated first, and then either the C2 and C3 sites are next with equal probability.
The C6 site primacy is confirmed by the N15 tagged decomposition experiments
of Gelernter et al. (1956). We confirmed the assumption of equal probability of
C2 and C3 site nitration by independent calculations of NO; binding energies at
either site. Ab initio calculations (Bunte and Miller unpublished results)
established the binding energies to differ by about 1 kcal/mole, and the
calculations are not expected to be distinguishable at this level. Similar
calculations (Bunte and Miller, unpublished results) put the binding energy of
the NO; at the C6 site at about 5 kcal greater, consistent with the Gelernter et al.
(1956) experimental work. The distribution of nitrate states for various given
nitration levels, as computed by our Monte-Carlo code, is given in Figure 5.
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Figure 5. Results of a Monte-Carlo calculation of nitrate-state distribution in
nitrocellulose as a function of nitration level.

3.2.2 Propellant Density Predictions

A full molecular simulation was performed on the gun propellant JA2 (strictly
speaking a triple-base propellant but often referred to as a double-base
propellant). The NC in JA2 has an average %N of 13.1. Using the




aforementioned Monte-Carlo code, the distribution of nitrate states for 13.1% N
NC polymer was determined to be 11 tri-, 3 di-, and 1 mononitrate for a polymer
chain consisting of 15 monomer units. A heteropolymer with this distribution
was constructed, and an MD NPT simulation was run. This simulation resulted
in a computed density of 1.6151 g/cm3. To our knowledge, the density of
13.1%N NC has not been measured; however, 122%N NC has a density of
1.653 g/cm3, and 13.45% N NC has a density of 1.665 g/cm?. Interpolating
between these two known densities results in an estimated density of 1.661
g/cm3. Our computed density is within 3% of this value.

The propellant JA2 consists of roughly 60% (by weight) NC (13.1%N),
25% DEGDN, and 15% NG. Having successfully predicted the density of the
individual ingredients, we constructed a cell to simulate JA2. The simulation cell
consisted of the usual 10 configurations, each containing 2 strands of
NC (13.1%N), 18 molecules of DEGDN, and 9 molecules of NG. Figure 6 shows
one such configuration. NPT dynamics were run; the average density of the
10 configurations was 1.595 + 0.018 g/cm?. The measured density of JA2 is
1.57 + 0.01 g/cm3 (Miller and Kotlar 1992). Our simulated density differs from
the measured density by 1.6%. Figure 6 is a most remarkable image, being the
first molecular view of a real propellant formulation ever produced.

In support of a propellant burning-rate predictor model (Miller and Anderson
2000) being developed at the U.S. Army Research Laboratory (ARL), we also ran
molecular simulations of the mononitrate homopolymer, dinitrate homopolymer,
and trinitrate homopolymer. This burning-rate model treats nitrocellulose as a
simple noninteracting mixture of these three homopolymers with mole fractions
computed by the Monte-Carlo code described previously; the propellant density
is then computed using additive molar volumes of the propellant ingredients. In
order to do this, one must know the densities of each of the pure homopolymers,
which to our knowledge have not been measured experimentally, and in fact
may be impossible to synthesize. Using the COMPASS force field, the computed
densities of these three homopolymers are

* mononitrate homopolymer, 1.5250 g/cm?,
* dinitrate homopolymer, 1.5778 g/cm?, and
* trinitrate homopolymer, 1.6640 g/cm?.

We have found that the results obtained using the additive molar volume
methodology are generally in excellent agreement with measured propellant
densities, and this fact indirectly corroborates the homopolymer densities
previously reported. For example, the computed density of M9, a double-base
propellant, is 1.621 g/cm3, compared to the measured value of 1.62 + 0.02 g/cm3
(Miller and Kotlar 1992). In the case of JA2, the density is estimated to be

10




Figure 6. Molecular model of the gun propellant JA2. Red corresponds to oxygen atoms,
blue corresponds to nitrogen atoms, black corresponds to carbon atoms, and
white corresponds to hydrogen atoms.

1.558 g/cm® compared with a measured value of 1.57 + 0.01 g/cm?, an error of
0.8% (Miller and Kotlar 1992). A single-base propellant, M10, gave less accurate
results: 1.660 g/cm?® compared with 1.51 + 0.01 g/cm?® measured (Miller and
Kotlar 1992). The single base propellant is poorly plasticised; this less impressive
result is likely due to the creation of internal voids in the actual propellant
during drying. Such special cases would require an atomistic model which
mathematically follows the diffusion of solvent from the molecular interstices.

4. Conclusions

We have used atomistic simulation techniques to predict a priori the densities of
the following energetic ingredients of the gun propellant JA2: nitrocellulose
(NC), diethyleneglycol dinitrate (DEGDN), and nitroglycerin (NG). In addition,
we have combined these ingredients in a simulation to predict the density of JA2
within 1.6% of its measured value. These results are the first a priori prediction of
the density of an actual Army gun propellant and clearly demonstrate the

predictive capability of this methodology. This methodology will be a valuable
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tool for propellant chemists and formulators to aid in developing new high
energy propellants for applications in the Future Combat System. Current
efforts are being directed towards parameterizing and validating additional
energetic functional groups such as nitramines (-NNO) and azides (-N3) in the
COMPASS force field.

12




5. References

Allen, M. P, and D. ]J. Tildesley.  Computer Simulations of Liquids.
Oxford: Clarendon Press, 1987.

Berendsen, H. J. C, J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and
J. R. Haak. “Molecular Dynamics with Coupling to an External Bath.”
Journal of Chemical Physics, vol. 81, p. 3684, 1984.

Bunte, S., and M. Miller. Unpublished results. 1998.

Bunte, S. W., and H. Sun. “Molecular Modeling of Energetic Materials: The
Parameterization and Validation of Nitrate Esters in the COMPASS Force
Field.” Journal of Physical Chemistry, vol. 104, no. 11, pp. 2477-2489, 2000.

Dean, J. A. (editor). Lange’s Handbook of Chemistry. 12th Edition, New York:
McGraw-Hill, 1973.

Federoff, B. T., and O. E. Sheffield. “Encyclopedia of Explosives and Related
Items.” Report No. PATR-2700, vol. 5, Picatinny Arsenal, Dover, NJ, 1972.

Frenkel, D., and B. Smit. Understanding Molecular Simulations. London:
Academic Press, 1996.

Gelernter, G., L. C. Browning, S. R. Harris, and C. M. Mason. “The Slow Thermal
Decomposition of Cellulose Nitrate.” Journal of Physical Chemistry, vol. 60,
pp- 1260-1264, 1956.

Leider, H. R., and D. L. Seaton. “Nitrate Ester Decomposition and Degradation
of Molecular Weight in Nitrocellulose from Thermal Decomposition of PBX-
9404 Below 100° C.” UCRL-52776, Lawrence Livermore Laboratory,
Livermore, CA, 1979.

Miller, M. S., and W. R. Anderson. “Energetic-Material Combustion Modeling
with Elementary Gas-Phase Reactions: A Practical Approach.” in Solid
Propellant Chemistry, Combustion, and Motor Interior Ballistics, edited by Yang,
V., T. B. Brill, and W. Z. Ren, vol. 185 of Progress in Astronautics and
Aeronautics, P. Zarchan, (Editor in Chief) Chapter 2.12 (American Institute of
Aeronautics and Astronautics, Reston, VA, 2000).

Miller, M. S., and A. J. Kotlar. “Thermal Transport Properties of Solid Gun
Propellants.” Proceedings of the 29th JANNAF Combustion Meeting, Chemical
Propulsion Information Agency, Columbia, MD, CPIA-PUB-593, vol. 1,
pp- 149-159, 1992.

Sun, H. “COMPASS: An ab Initio Force-Field Optimized for Condensed Phase
Applications — Overview with Details on Alkane and Benzene Compounds.”
Journal of Physical Chemistry B, vol. 102, no. 38, pp. 7338-7364, 1998.

13




INTENTIONALLY LEFT BLANK.

14




NO. OF

COPIES ORGANIZATION

2

DEFENSE TECHNICAL
INFORMATION CENTER
DTIC OCA

8725 JOHN J KINGMAN RD
STE 0944

FT BELVOIR VA 22060-6218

HQDA

DAMO FDT

400 ARMY PENTAGON
WASHINGTON DC 20310-0460

0SD
OUSD(A&T)/ODDR&E(R)
DRRJ TREW

3800 DEFENSE PENTAGON
WASHINGTON DC 20301-3800

COMMANDING GENERAL
US ARMY MATERIEL CMD
AMCRDA TF

5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

INST FOR ADVNCD TCHNLGY
THE UNIV OF TEXAS AT AUSTIN
3925 W BRAKER LN STE 400
AUSTIN TX 78759-5316

DARPA

SPECIAL PROJECTS OFFICE
J CARLINI

3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

US MILITARY ACADEMY
MATH SCI CTR EXCELLENCE
MADN MATH

MAJ HUBER

THAYER HALL

WEST POINT NY 10996-1786

DIRECTOR

US ARMY RESEARCH LAB
AMSRL D

DR D SMITH

2800 POWDER MILL RD
ADELPHI MD 20783-1197

NO. OF

COPIES ORGANIZATION

1

DIRECTOR

US ARMY RESEARCH LAB
AMSRL CI AIR

2800 POWDER MILL RD
ADELPHIMD 20783-1197

DIRECTOR

US ARMY RESEARCH LAB
AMSRL CILL

2800 POWDER MILL RD
ADELPHI MD 20783-1197

DIRECTOR

US ARMY RESEARCH LAB
AMSRLCIIST

2800 POWDER MILL RD
ADELPHI MD 20783-1197

ABERDEEN PROVING GROUND

DIR USARL
AMSRL CI LP (BLDG 305)

15




NO. OF
COPIES ORGANIZATION

ABERDEEN PROVING GROUND

31 DIRUSARL
AMSRL WM BD

W R ANDERSON
R A BEYER
A BIRK
AL BRANT
SW BUNTE
C F CHABALOWSKI
L M CHANG
T P COFFEE
] COLBURN
P J CONROY
R A FIFER
B E FORCH
BEHOMAN
SLHOWARD
P] KASTE
AJKOTLAR
C LEVERITT
K L MCNESBY
M MCQUAID
M S MILLER
T C MINOR
AW MIZIOLEK
] B MORRIS
] A NEWBERRY
M ] NUSCA
R A PESCE-RODRIGUEZ
G P REEVES
B M RICE
R CSAUSA
] A VANDERHOFF
AW WILLIAMS

16




REPORT DOCUMENTATION PAGE ’;‘;75:2”5%2‘{"88

Public reporting burden for this of i is to ge 1 hour per ing the time for reviewi i data 3
gathering and maintaining the data needed, and and g the colls of i Send thls burdcn estimate or any other aspnct of this
llection of for this burden, to Services, Dil for i and R« , 1215 J

Davls Highway. Suite 1204 Adington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project{0704-0188) Washln on, DC. 20503
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

May 2001 Final, March 2000-March 2001
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Atomistic Simulations of the Physical Properties of Nitrate Esters 622618.H80

6. AUTHOR(S)
Steven W. Bunte and Martin S. Miller

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
U.S. Army Research Laboratory REPORT NUMBER
ATTN: AMSRL-WM-BD ARL-TR-2496

Aberdeen Proving Ground, MD 21005-5066

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

Atomistic simulations have advanced to the degree that the material properties of actual Army gun propellants can be
predicted a priori. For example, we have used the COMPASS force field to predict the density of the gun propellant
JA2 and its energetic ingredients. The predicted density of the propellant is within 1.6% of its measured value. These
results are the first a priori prediction of the density of an Army gun propellant and clearly suggest that this
methodology can be a valuable tool in the design of new high energy propellant formulations for use in the Future

Combat System.

14. SUBJECT TERMS 15. NUMBER OF PAGES
atomistic modeling, nitrate ester, gun propellant, nitrocellulose, DEGDN, nitroglycerin, 20
JA2 16. PRICE CODE
17, SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT |
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
"NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

17 Prescribed by ANSI Std. 239-18  298-102




INTENTIONALLY LEFT BLANK.

18




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers to
the items/questions below will aid us in our efforts.

1. ARL Report Number/Author__ ARL-TR-2496 (Bunte) Date of Report_May 2001

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report will be
used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs
avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization,
technical content, format, etc.)

Organization

CURRENT Name E-mail Natne
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. Ifindicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old or
Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




DEPARTMENT OF THE ARMY ” I ll l

OFFICIAL BUSINESS

FIRST CLASS PERMIT NO 0001,APG,MD

POSTAGE WIL.L BEPAID BY ADDRESSEE

DIRECTOR

US ARMY RESEARCH LABORATORY

ATTN AMSRL WM BD

ABERDEEN PROVING GROUND MD 21005-5066

NO POSTAGE
NECESSARY
IF MAILED
INTHE
UNITED STATES




